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Development of ﬂuorescent probes for bioimaging applications
By Tetsuo NAGANO*1,†
(Communicated by Takao SEKIYA, M.J.A.)
Abstract: Fluorescent probes, which allow visualization of cations such as Ca2D,Z n 2D etc.,
small biomolecules such as nitric oxide (NO) or enzyme activities in living cells by means of
ﬂuorescence microscopy, have become indispensable tools for clarifying functions in biological
systems. This review deals with the general principles for the design of bioimaging ﬂuorescent probes
by modulating the ﬂuorescence properties of ﬂuorophores, employing mechanisms such as acceptor-
excited Photoinduced electron Transfer (a-PeT), donor-excited Photoinduced electron Transfer (d-
PeT), and spirocyclization, which have been established by our group. The a-PeT and d-PeT
mechanisms are widely applicable for the design of bioimaging probes based on many ﬂuorophores
and the spirocyclization process is also expected to be useful as a ﬂuorescence oﬀ/on switching
mechanism. Fluorescence modulation mechanisms are essential for the rational design of novel
ﬂuorescence probes for target molecules. Based on these mechanisms, we have developed more than
ﬁfty bioimaging probes, of which fourteen are commercially available. The review also describes
some applications of the probes developed by our group to in vitro and in vivo systems.
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Introduction
It is generally said that an appeal to the eye is
more eﬀective than an appeal to the ear, which may
be the basis of the proverb “Seeing is believing”.
Methods to “see into the body” or “see into cells” are
essential for the diagnosis and treatment of disease,
as well as for research into the basic processes of life.
It is desirable that the methods used should not be
invasive, i.e., should not involve cutting into the
body or isolating cellular constituents. Therefore,
techniques to visualize physiological or pathophysio-
logical changes in the body and cells have become
increasingly important in biomedical sciences.
Compared to other technologies such as radio-
isotope labeling, magnetic resonance imaging (MRI),
electron spin resonance (ESR) spectroscopy, and
electrochemical detection, ﬂuorescence imaging has
many advantages for this purpose, because it enables
highly sensitive, less-invasive and safe detection using
readily available instruments. Another advantage of
ﬂuorescence imaging we should emphasize here is that
the ﬂuorescence signal of a molecule can be drastically
modulated, so that probes relying on activation, not
just accumulation, can be utilized. Today, ﬂuorescent
probes based on small organic molecules have become
indispensable tools in modern biology because they
provide dynamic information concerning the local-
ization and quantity of the molecules of interest,
without the need for genetic engineering of the
sample. It is also expected that technology using
ﬂuorescent probes will play a pivotal role in the ﬁeld
of drug discovery, with applications in both academia
and industry. For in vivo molecular imaging, ﬂuo-
rescent probes are administered to the subject and
emit a signal within the body. It should be clear that,
in order to achieve successful imaging, the role of
appropriate chemical design for activation of the
probes, is extremely important.
At present, activatable probes for cell or in vivo
imaging, which emit an increased ﬂuorescence signal
after reaction with the target biomolecules, are not
very common.1)–3) Over the past decade, however, we
have developed a variety of such probes, based on
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(1) Photoinduced electron Transfer (PeT) mecha-
nism2),4)–9)
i) acceptor-excited PeT (a-PeT) mechanism10)
ii) donor-excited PeT (d-PeT) mechanism11)
(2) Förster Resonance Energy Transfer (FRET)
mechanism12)–14)
(3) Intramolecular Charge Transfer (ICT) mecha-
nism15)
(4) Spirocyclization mechanism16)
This review focuses on three mechanisms (a-
PeT, d-PeT, and spirocyclization) for control of
ﬂuorescence characteristics, which have been estab-
lished by our group and others, together with some
bioimaging applications of probes utilizing these
mechanisms.
Principles for modulating the ﬂuorescence
properties
Fluorescent probes are excellent sensors for
biomolecules, being sensitive, fast-responding, and
capable of aﬀording high spatial resolution via
microscopic imaging. Suitable ﬂuorescent probes are
naturally of critical importance for ﬂuorescence
imaging, but only a limited range of biomolecules
can currently be visualized because of the lack of
ﬂexible design strategies. Most ﬂuorescent probes
were obtained empirically, not rationally, and novel
rational approaches are required for eﬃcient develop-
ment of practical ﬂuorescent probes. Therefore, our
goal is to establish a general strategy to create a wide
variety of practical ﬂuorescent probes for certain
biomolecules. Rational and practical strategies based
on general ﬂuorescence modulation mechanisms
would enable us to rapidly develop novel ﬂuorescent
probes for target molecules. Here, we present three
general principles for modulating the ﬂuorescence
properties of ﬂuorophores including ﬂuorescein and
rhodamine, with particular emphasis on our own
work.
1. Acceptor-excited Photoinduced electron
Transfer (a-PeT) mechanism. Fluorescein is a
highly ﬂuorescent molecule that emits long-wave-
length light upon excitation at around 500nm in
aqueous media. Fluorescein derivatives have been
widely used as ﬂuorescent tags for many biological
molecules such as protein, DNA, and so on, and
ﬂuorescein has been used as a platform for many
kinds of ﬂuorescent probes.17)–20) We have developed
a range of novel ﬂuorescein-based ﬂuorescent probes,
including diaminoﬂuoresceins (DAFs).21)
DAFs are weakly ﬂuorescent before reaction
with nitric oxide (NO), but become highly ﬂuorescent
after reaction with NO. I will introduce the a-PeT
mechanism using DAF-2 as an example. As shown in
Fig. 1, DAF-2 is converted to a triazole compound,
DAF-2 T by reaction with NO, and this causes little
change of the absorbance maximum, but greatly
increases the ﬂuorescence intensity. Notably, the
increase of ﬂuorescence intensity is dependent on the
concentration of NO.
The reason why DAF-2 is almost non-ﬂuorescent
can be explained in terms of the a-PeT mechanism,
through which the ﬂuorescence of a ﬂuorophore is
quenched by electron transfer from the donor to the
acceptor ﬂuorophore.4),8),10),11) The ﬂuorescein struc-
ture can be divided into two parts, i.e., the benzene
moiety as the PeT donor and the xanthene ring as
the ﬂuorophore (Fig. 2), because only small alter-
ations in absorbance were observed among ﬂuores-
cein and its derivatives and the dihedral angle
between the benzene moiety and the xanthene ring
is almost 90°, which suggests that there is little
ground-state interaction between these two parts.
In other words, although there is no obvious linker
within the ﬂuorescein molecule, it can be understood
as a directly linked donor–acceptor system, in which
PeT might determine the quantum eﬃciency of
ﬂuorescence ()ﬂ). The results of our study using a
series of ﬂuorescein derivatives indicated that weakly
ﬂuorescent derivatives have benzene moieties that
work as electron donors to the excited ﬂuorophore
(a-PeT).22) If the highest occupied molecular orbital
(HOMO) energy level of the benzene moiety is high
enough (in other words, if the oxidation potential of
the moiety is low enough) for electron transfer to the
excited xanthene ring, the )ﬂ value is small (Fig. 2,
left). In contrast, ﬂuorescein derivatives with high )ﬂ
values have benzene moieties with low HOMO energy
levels, where a-PeT cannot take place (Fig. 2,
middle). In the case of DAF-2, the HOMO energy
level of benzotriazole, which is the benzene moiety
of DAF-2 T, is substantially lower than that of
diaminobenzene, the corresponding moiety of DAF-2.
Hence, electron transfer from the benzene moiety of
DAF-2 T to the ﬂuorophore does not occur on
irradiation, which leads DAF-2 T to be highly
ﬂuorescent. Thus, the a-PeT process controls the
ﬂuorescence properties of ﬂuorescein derivatives, and
importantly, these properties can be predicted from
the HOMO energy level of the benzene moiety.
Subsequently, to evaluate the relationship be-
tween the oxidation potential of the benzene moiety
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Fig. 1. NO bioimaging probe, DAF-2, and reaction with NO to produce DAF-2 T.
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Fig. 2. Schematic illustration of the modulation of ﬂuorescence properties by the acceptor-excited PeT (a-PeT) mechanism (left column)
and donor-excited PeT (d-PeT) mechanism (right column). Fluorescein derivatives can be regarded as conjugates of two independent
moieties, the benzene moiety and the xanthene ring (ﬂuorophore). Although ﬂuorescein itself (R F H, middle column) is highly
ﬂuorescent, some of its derivatives have almost no ﬂuorescence, due to PeT. For example, ﬂuorescence of a derivative with an amino
group on the benzene moiety (left column) is quenched by electron transfer from the benzene moiety to the excited ﬂuorophore (a-
PeT). For this to take place, the HOMO (highest occupied molecular orbital) energy level of the benzene moiety must be very high.
On the other hand, ﬂuorescence of a derivative with a nitro group on the benzene moiety (right column) is quenched by electron
transfer to the benzene moiety from the excited ﬂuorophore (d-PeT). For this to take place, the LUMO (lowest unoccupied molecular
orbital) energy level of the benzene moiety must be very low. See the text for further explanation.
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designed and synthesized various derivatives of an
analog of ﬂuorescein (TokyoGreen), in which the
oxidation potential of the benzene moiety was ﬁnely
tuned by introducing electron-donating groups into
the moiety.10) The results clearly showed that the
ﬂuorescence properties of TokyoGreen derivatives can
indeed be ﬁnely modulated by varying the oxidation
potential of the benzene moiety. We believe that this
information provides the basis for a practical strategy
for rational design of novel functional ﬂuorescent
probes. Importantly, although PeT-based ﬂuorescent
probes have been known for a long time,23),24) such a
detailed study with a visible-wavelength ﬂuorophore
has not been performed previously.
2. Donor-excited Photoinduced electron
Transfer (d-PeT) mechanism.11) The ﬁnding that
the ﬂuorescence properties of ﬂuorescein derivatives
can be modulated by a-PeT from the benzene moiety
to the acceptor ﬂuorophore enabled us to design
ﬂexibly many kinds of functional ﬂuorescent probes
based on the change of the oxidation potential of the
benzene moiety upon encountering a target mole-
cule.10) This rational strategy made it possible to
develop novel ﬂuorescent probes with high eﬃ-
ciency.25)–28)
Next, we introduce another principle for con-
trolling the ﬂuorescence properties of the ﬂuorescein
molecule, based on electron transfer from the excited
ﬂuorophore to the benzene moiety (donor-excited
PeT; d-PeT), i.e., in the opposite direction to a-PeT
(Fig. 2, right).
We designed and synthesized dicarboxyﬂuores-
cein (1a) and its trimethyl ester derivative (1b), as
shown in Fig. 3. Owing to the presence of electron-
withdrawing ester groups, the HOMO energy level
of the benzene moiety of 1b should be lower than
that of 1a. According to our previous studies, the
oxidation potential, or HOMO energy level, of the
benzene moiety is the most important factor deter-
mining the )ﬂ value of ﬂuorescein. Therefore, we
considered that both 1a and 1b should be highly
ﬂuorescent (Fig. 3). As anticipated, 1a was highly
ﬂuorescent ()ﬂ F 0.817), but unexpectedly, the
ﬂuorescence of 1b was signiﬁcantly quenched
()ﬂ F 0.001). From the viewpoint of a-PeT, these
results appeared contradictory.
To understand the mechanism underlying the
ﬂuorescence quenching further, we focused partic-
ularly on the reduction potential of the benzene
moiety. In consequence, we found that the ﬂuores-
cence properties of ﬂuorescein derivatives are inﬂu-
enced by not only the oxidation potential of the
benzene moiety, but also the reduction potential of
the benzene moiety. This is because PeT can take
place in the opposite direction to a-PeT, i.e. from the
excited ﬂuorophore to the lowest unoccupied mo-
lecular orbital (LUMO) of an electron acceptor
(Fig. 2, right), which we call d-PeT. In this case, if
the reduction potential of the benzene moiety is high
enough, i.e., if the LUMO energy level is low enough,
for electron transfer to occur thermodynamically,
the singlet excited state of the ﬂuorophore will be
quenched via electron transfer and the ﬂuores-
cence will be diminished. By taking advantage of
the intramolecular donor–acceptor system, the ﬂuo-
rescein molecule might become useful as a platform
not only for a-PeT probes, but also for d-PeT probes.
Further, to appreciate fully the relationship
between the reduction potential of the benzene
moiety and the )ﬂ value, we designed and synthe-
sized various ﬂuorescein derivatives in which the
benzene moieties are replaced with several electron-
deﬁcient aromatic rings. Their structures, the
absorbance and ﬂuorescence properties, the reduction
potentials of their benzene moieties, and the )ﬂ value
in basic aqueous media were examined.11) The
absorbance and emission maxima showed no signiﬁ-
cant change among the derivatives, and thus the
ground-state interaction between the benzene moiety
and the xanthene moiety was small in each deriva-
tive. On the other hand, the )ﬂ values varied greatly,
depending on the reduction potential of the benzene
moiety. In general, the feasibility of electron transfer
between an excited-state sensitizer and quencher can
be judged from the change in free energy ("GeT).
The "GeT value can be calculated from the Rehm–
Weller equation
 GeT ¼ Eox   Ered    E0;0   wp
O O O
COOCH3
H3COOC
COOCH3
O O O
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Fig. 3. Structures and ﬂuorescence properties of carboxyﬂuo-
rescein derivatives (1a, 1b).
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potentials of the electron donor (i.e. ﬂuorophore) and
acceptor (i.e. benzene moiety), respectively, "E0,0 is
the singlet excited energy, and wp is the work term for
the charge separation state.29) Owing to the sim-
ilarity of their structures and the alteration in charge
which accompanies electron transfer, the synthesized
ﬂuorescein derivatives have almost the same values of
Eox, E0,0,a n dwp. Therefore, in this case the Ered value
plays a primary role in determining the feasibility of
electron transfer. Indeed, as described above, the )ﬂ
values of synthesized ﬂuorescein derivatives were
strongly inﬂuenced by change of the Ered value.
Despite the widespread use of a-PeT as a ﬂuores-
cence-modulating principle of current PeT probes, to
our knowledge there are few functional ﬂuorescent
probes that utilize d-PeT. If d-PeT-based ﬂuores-
cence modulation mechanism is applicable as a
gerneral design principle as we believe, it would
allow the development of novel and useful functional
ﬂuorescent probes for biomolecules that could not be
visualized with so-far developed a-PeT-based probes.
On the basis of these two design strategies, it is
possible to develop novel PeT-based ﬂuorescent
probes for a wide range of targets by introducing an
appropriate sensor moiety. Now, we can choose either
an oxidizable sensor moiety or a reducible sensor
moiety, and alteration of the redox potential of the
sensor can be used as a ﬂuorescence modulation
switch. To summarize, the ﬂuorescence properties of
ﬂuorescein derivatives can be controlled by either the
a-PeT or d-PeT process, which provides the basis for
a practical strategy for rational design of ﬂuorescent
probes to detect various biological events. It should
also be pointed out that both a-PeT and d-PeT can
be used to design probes based on other ﬂuorophores
such as BODIPY,30),31) cyanine,32) and rhodamine.33)
3. Spirocyclization mechanism. We previ-
ously found that the derivatization of ﬂuorescein does
not disrupt the photochemical properties when
various functional groups are substituted for the
carboxyl group at the 2 position.10) We thought that
a similar design might be applicable to the tetra-
methylrhodamine (TMR) ﬂuorophore and have
developed new TMR derivatives that show diﬀerent
dependences of their behavior upon the environment.
Among them, the ﬂuorescence of hydroxymethyl-
tetramethylrhodamine (HMTMR) showed a very
interesting environmental dependence. HMTMR
has a large absorbance and ﬂuorescence in protic
solvents but little in aprotic or basic solvents. This
was found to be because of intramolecular spirocyc-
lization at C9, deconjugating the TMR ﬂuorophore
(Fig. 4, upper panel). The spirocyclic structure was
conﬁrmed by X-ray crystallography.16)
Regulation of the spirocyclization of rhodamines
provides a new approach to the rational development
of novel ﬂuorescent probes, and we successfully
developed a new ﬂuorescent probe named HySOx,
which can speciﬁcally detect hypochlorous acid
(HOCl) (Fig. 4, lower panel).16) HySOx is almost
completely colorless and non-ﬂuorescent in aqueous
solutions over a wide range of pH values and in
various organic solvents. HySOx favors a spirocyclic
form more strongly than HMTMR because HySOx
has a thiol group, which is more nucleophilic than the
hydroxyl group of HMTMR.
The thiol group of HySOx works not only as a
cyclization enhancer, but also as a center of redox
reaction. We tested the utility of HySOx as a
ﬂuorescence probe for reactive oxygen species
(ROS). Various important ROS generated in organ-
isms (i.e., HOCl, hydroxyl radical, peroxynitrite,
NO, superoxide, singlet oxygen, and hydrogen per-
oxide) were added to a solution of HySOx at pH 7.4.
The ﬂuorescence intensity increased quickly and
quantitatively only upon addition of sodium hypo-
chlorite (NaOCl) to produce HySO3H, and the
absorbance also increased. HySOx is able to detect
HOCl speciﬁcally among various ROS in aqueous
solution. Currently, there are other ﬂuorescence
probes that can detect HOCl,34)–36) but HySOx seems
to be the ﬁrst one that can detect HOCl speciﬁcally
under biological conditions.
Recently, many ﬂuorescent probes based on
rhodamine spirocyclization have been reported,37)
O N N
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O N N
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Fig. 4. Structures of HMTMR, HySOx, and HySO3H, and
reaction of HySOx with HOCl to produce HySO3H.
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cable for the development of probes with other
ﬂuorophores, too. In contrast to PeT-based probes,
spirocyclization-based probes have no absorbance
upon irradiation with the excitation light, before
reaction with the target molecule. Hence, if designed
well, they are expected to provide higher S/N ratios
and better photostability than PeT-based probes.
Probes for in vitro and in vivo imaging
developed by our group
Our probes have been designed rationally, based
on detailed photochemical investigation of various
mechanisms of modulation of ﬂuorescence properties,
including a-PeT, d-PeT, FRET, ICT, and spirocyc-
lization. So far, we have developed more than ﬁfty
probes for biological applications (Table 1), includ-
ing those listed below, of which fourteen are now
commercially available and are used by cutting-edge
biologists all over the world.
Many of the ﬂuorescent probes discovered by our
group are useful for cellular and in vivo bioimaging.
Noninvasive visualization and investigation of inter-
actions among small biomolecules, proteins, DNA,
lipids and sugar in living cells are an important goal
for biologists, and ﬂuorescent probes are powerful
tools for this purpose. In the next section, we will
describe bioimaging using DAF and HySOx as
examples of biological applications of the probes.
Bioimaging applications of ﬂuorescent probes:
DAF and HySOx
1. Bioimaging applications of DAF and DCl-
DA Cal. A DAF derivative was applied to NO
Table 1. Bioimaging probes developed by Nagano’s group
Nitric Oxide (NO) Probes DAF-1,21) DAF-2,21),38) DAF-2 DA,21),38) DAF-3,21) DAF-4,21),38) DAF-4
M1,38) DAF-4 M2,38) DAF-5,21),38) DAF-5 M1,38) DAF-5 M2,38) DAF-6,21),38)
DAF-FM,38) DAF-FM DA,38) DAMBO,39) DAMBO-R,39) DAMBO-PH,39)
DAMBO-PMe,39) DAC-P,32) DAC-S,32) DCl-DA Cal,25) DCl-DA Cal-AM25)
Highly Reactive Oxygen Species (ROS) Probes HPF,26) APF,26) MitoHR,33) MitoAR,33) APC,25) APC-AM25)
ROS Oxidative Stress Probe FOSCY-140)
Peroxynitrite Probe NiSPY-1,30) NiSPY-2,30) NiSPY-330)
Singlet Oxygen Probes DPAX-1,41) DPAX-2,41) DPAX-3,41) DMAX22)
Hypochlorous Acid (HOCl) Probe HySOx16)
Zinc Probes ZnAF-1,42) ZnAF-1F,43) ZnAF-2,27),42) ZnAF-2 DA,27) ZnAF-2F,43) ZnAF-
2M,27) ZnAF-2MM,27) ZnAF-3,27) ZnAF-3 DA,27) ZnAF-4,27) ZnAF-5,27)
ZnAR-R1,44) ZnAF-R2,44) DIPCY Zinc (NIR probe),45) ZnIC,15) Zn probe
based on ICT46)
pH Probes NIR pH probe,47) pH probe for cancer imaging48)
Environment-sensitive Probes BODIPY-based probe,31) photosensitizer with oﬀ/on switching for singlet
oxygen generation49)
Anion Probe TC2412-Cd50)
Esterase Probes Near-infrared (NIR) esterase probe,47) Ln-1–12 (Lanthanide complexes
probes),51) ratiometric probe based on BODIPY scaﬀold52)
O-Galactosidase Probes TG-OGal,28) AM-TG-OGal28)
Glutathione S-transferase Probes DNAF-1,53) DNAF-2,53) DNAT-Me53)
Enzyme Activity-based Labeling Probe CMF O-Gal54)
Phosphodiesterase Probe CPF-1,55) CPF-2,55) CPF-3,55) CPF-455)
Protein Tyrosine Phosphatase (PTP) Probe Protein Tyrosine Phosphatase (PTP) Probe56)
Protein Kinase Probe Protein Kinase Probe57)
T. NAGANO [Vol. 86, 842bioimaging in cultured bovine aortic endothelial
cells.38) After stimulation with bradykinin, the
ﬂuorescence intensity in the cells increased and the
augmentation of the ﬂuorescence intensity was sup-
pressed by an NOS inhibitor. A DAF derivative was
also applied to imaging of NO generated in rat
hippocampal slices by exposure to an aglycemic
medium.58) NO production was observed mainly in
the CA1 area and was dependent on the concen-
tration of O2. During exposure to an anoxic–
aglycemic medium, NO was hardly produced, while
marked elevation of intracellular Ca2D was observed.
Production of NO increased sharply as soon as the
perfusate was changed to the normal medium. These
results suggest that NOS is activated after reperfu-
sion rather than during ischemia.
DAFs are excellent ﬂuorescent probes for NO,
but their sensitivity is sometimes insuﬃcient to
measure NO in living cells. Hence, we designed and
synthesized dichlorodiaminocalcein as a novel ﬂuo-
rescent probe for NO, to conﬁrm that improving the
intracellular retention of ﬂuorescent probes generally
leads to enhancement of sensitivity.25) The ﬂuores-
cence quantum yield of DCl-DA Cal is 0.013 at
pH 7.4, indicating that the ﬂuorescence is well
quenched via the a-PeT mechanism. When DCl-DA
Cal reacts with NO in air, the triazole compound,
DCl-DA Cal T, is produced and emits strong
ﬂuorescence in the same manner as DAF-2. As
a membrane-permeable ﬂuorescent probe, we also
prepared DCl-DA Cal-AM, in which the phenolic
hydroxyl group and carboxyl group are protected as
acetoxymethyl (AM) ester (DCl-DA Cal-AM, see
Fig. 5 for the structure).
To examine how well DCl-DA Cal is retained in
living cells, we compared DCl-DA Cal-AM with our
ﬁrst-generation probes, DAF-2 DA and DAF-4 DA
(Fig. 5). The experiment to examine the leakage of
these triazole compounds, DCl-DA Cal T, DAF-2 T
and DAF-4 T, was done by addition of a NO donor
(NOC-7) to living cells. In contrast to rapid leakage
of DAF-2 T and DAF-4 T, DCl-DA Cal-T was well
retained in the living cells. The results obtained show
that DCl-DA Cal and DCl-DA Cal T have excellent
intracellular retention. We applied DCl-DA Cal-AM
to cultured bovine aortic endothelial cells. The results
indicated that visualization of low levels of NO
depends critically on preventing leakage of the probe
and the ﬂuorescent product from the cells.
In other words, to develop ﬂuorescent probes
that oﬀer high sensitivity inside living cells, eﬃcient
retention of the probes and products within the cells
is required. The iminodiacetic acid group (IAG) of
DCl-DA Cal was very eﬀective in improving intra-
cellular retention. It is expected that by introducing
IAG into other ﬂuorescein-based probes, intracellular
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Fig. 5. NO detection by DCl-DA Cal AM, DAF-2 DA and DAF-4 DA in living cells. Fluorescence and diﬀerential interference contrast
(DIC) images of HeLa cells loaded with 10µM (0.1% DMSO as a cosolvent) DCl-DA Cal-AM (upper panel), DAF-2 DA (middle
panel), or DAF-4 DA (lower panel) for 30min are shown. The change of ﬂuorescence images after addition of NOC 7 (ﬁnal 100µM)
was measured at 5 and 15min.
Bioimaging probes No. 8] 843retention of the probe and the product should be
signiﬁcantly improved, which is advantageous for the
visualization of low levels of physiological molecules
and for long-term observation in living cells.59)
In conclusion, DCl-DA Cal-AM is a useful tool
for visualizing the temporal and spatial distribution
of intracellular NO.
2. Bioimaging applications of HySOx.16)
HySOx was applied to visualize phagocytosis by
porcine neutrophils, with opsonized zymosan derived
from Saccharomyces cerevisiae as a target. HySOx
detected HOCl generated inside the phagosomes just
after the completion of phagocytosis (Fig. 6). In the
imaging of phagocytosis, there was little ﬂuorescence
increase due to autoxidation under laser excitation
before phagocytosis began. Further, there was no
ﬂuorescence decrease due to photobleaching after
membrane fusion following phagocytosis. In contrast,
it is well-known that ROS probes such as dihydrodi-
chloroﬂuorescein (DCFH) become ﬂuorescent due to
autoxidation simply upon exposure to excitation
light. Furthermore, photobleaching is a very com-
mon problem in ﬂuorescence microscopy. Therefore,
HySOx has superior properties as a probe, being
tolerant to autoxidation due to its high speciﬁcity
for HOCl and producing a ﬂuorescent product,
HySO3H, which is photostable and shows pH-
independent ﬂuorescence owing to the TMR ﬂuoro-
phore.
In conclusion, HySOx is a useful tool for visual-
izing the temporal and spatial detection of HOCl
generated inside phagosomes.
Conclusion
In this review, I have introduced several
approaches (a-PeT, d-PeT, and spirocyclization) to
the design of bioimaging probes. These strategies
should be applicable to develop ﬂuorophore-derived
functional probes for a wide range of applications.
PeT is one of the relaxation processes from the
excited state to the ground state, and is an important
mechanism for ﬂuorescence quenching in photochem-
istry. It can be applied for design of not only
bioimaging ﬂuorescent probes, but also other photo-
functional molecules, including photosensitizers with
an environment-sensitive oﬀ/on switch for singlet
oxygen generation,49) highly activatable and rapidly
releasable caged ﬂuorophores,60) and lanthanide com-
plex probes that are applicable for the screening of
enzyme inhibitors, as well as for clinical diagnosis.51)
Acknowledgements
I would like to thank Dr. K. Kikuchi, Dr. Y.
Urano, Dr. H. Kojima, Mr. T. Terai and many
graduate students who have worked as collaborators
in the Department of Chemistry and Biology,
Graduate School of Pharmaceutical Sciences, the
University of Tokyo for experimental assistance and
fruitful discussions. The work was supported in part
by research grants from the Ministry of Education,
Culture, Sports, Science and Technology of Japanese
Government.
References
1) Grynkiewicz, G., Poenie, M. and Tsien, R.Y. (1985)
A new generation of Ca2D indicators with greatly
improved ﬂuorescence properties. J. Biol. Chem.
260, 3440–3450.
2) de Silva, A.P., Gunaratne, H.Q.N., Gunnlaugsson,
T., Huxley, A.J.M., McCoy, C.P., Rademacher,
J.T. et al. (1997) Signaling recognition events with
ﬂuorescent sensors and switches. Chem. Rev. 97,
1515–1566.
3) Callan, J.F., de Silva, A.P. and Magri, D.C. (2005)
Luminescent sensors and switches in the early 21st
century. Tetrahedron 61, 8551–8588.
4) Nagano, T. and Yoshimura, T. (2008) Bioimaging of
nitric oxide. Chem. Rev. 102, 1235–1269.
5) Terai, T. and Nagano, T. (2008) Fluorescent probes
for bioimaging applications. Curr. Opin. Chem.
Biol. 12, 515–521.
6) Kikuchi, K., Komatsu, K. and Nagano, T. (2004)
Zinc sensing for cellular application. Curr. Opin.
Chem. Biol. 8, 182–191.
7) Nagano, T. (2009) Bioimaging probes for reactive
oxygen species and reactive nitrogen species. J.
Clin. Biochem. Nutr. 45, 111–124.
8) Miura, T., Urano, Y., Tanaka, K., Nagano, T.,
Ohkubo, K. and Fukuzumi, S. (2003) Rational
design principle for modulating ﬂuorescence prop-
erties of ﬂuorescein-based probes by photoinduced
electron transfer. J. Am. Chem. Soc. 125, 8666–
8671.
9) Valeur, B. and Leray, I. (2000) Design principles of
ﬂuorescent molecular sensors for cation recogni-
tion. Coord. Chem. Rev. 205,3 –40.
Fig. 6. Confocal microscopic imaging of porcine neutrophil with
HySOx (5µM). (a) Zymosan particles are present near the
neutrophil. (b) Phagocytosis is complete.
T. NAGANO [Vol. 86, 84410) Urano, Y., Kamiya, M., Kanda, K., Ueno, T., Hirose,
K. and Nagano, T. (2005) Evolution of ﬂuorescein
as a platform for ﬁnely tunable ﬂuorescence probes.
J. Am. Chem. Soc. 127, 4888–4894.
11) Ueno, T., Urano, Y., Setsukinai, K., Takakusa, H.,
Kojima, H., Nagano, T. et al. (2004) Rational
principles for modulating ﬂuorescence properties of
ﬂuorescein. J. Am. Chem. Soc. 126, 14079–14085.
12) Kikuchi, K., Takakusa, H. and Nagano, T. (2004)
Recent advances in the design of small molecule-
based FRET sensors for cell biology. Trends
Analyt. Chem. 23, 407–415.
13) Takakusa, H., Kikuchi, K., Urano, Y., Higuchi, T.
and Nagano, T. (2001) Intramolecular ﬂuorescence
resonance energy transfer system with coumarin
donor included in O-cyclodextrin. Anal. Chem. 73,
939–942.
14) Kawanishi, Y., Kikuchi, K., Takakusa, H.,
Mizukami, S., Urano, Y., Nagano, T. et al. (2000)
Design and synthesis of intramolecular resonance
energy transfer probes for use in aqueous solution.
Angew. Chem. Int. Ed. 39, 3438–3440.
15) Komatsu, K., Urano, Y., Kojima, H. and Nagano, T.
(2007) Development of an iminocoumarin-based
zinc sensor suitable for ratiometric ﬂuorescence
imaging of neuronal zinc. J. Am. Chem. Soc. 129,
13447–13454.
16) Kenmoku, S., Urano, Y., Kojima, H. and Nagano, T.
(2007) Development of a highly speciﬁc, rhod-
amine-based ﬂuorescence probe for hypochlorous
acid and its application to real-time imaging of
phagocytosis. J. Am. Chem. Soc. 129, 7313–7318.
17) Minta, A., Kao, J.P.Y. and Tsien, R.Y. (1989)
Fluorescent indicators for cytosolic calcium based
on rhodamine and ﬂuorescein chromophores. J.
Biol. Chem. 264, 8171–8178.
18) Burdette, S.C., Walkup, G.K., Spingler, B., Tsien,
R.Y. and Lippard, S.J. (2001) Fluorescent sensors
for Zn2D based on a ﬂuorescein platform: Synthesis,
properties and intracellular distribution. J. Am.
Chem. Soc. 123, 7831–7841.
19) Nolan, E.M. and Lippard, S.J. (2003) A “Turn-On”
Fluorescent sensor for the selective detection of
mercuric ion in aqueous media. J. Am. Chem. Soc.
125, 14270–14271.
20) Yoon, S., Miller, E.W., He, Q., Do, P.H. and Chang,
C.J. (2007) A bright and speciﬁc ﬂuorescent sensor
for mercury in water, cells, and tissue. Angew.
Chem. Int. Ed. 46, 6658–6661.
21) Kojima, H., Nakatsubo, N., Kikuchi, K., Kawahara,
S., Kirino, Y., Nagano, T. et al. (1998) Detection
and imaging of nitric oxide with novel ﬂuorescent
indicators: Diaminoﬂuoresceins. Anal. Chem. 70,
2446–2453.
22) Tanaka, K., Miura, T., Umezawa, N., Urano, Y.,
Kikuchi, K., Nagano, T. et al. (2001) Rational
design of ﬂuorescein-based ﬂuorescence probes.
Mechanism-based design of a maximum ﬂuores-
cence probe for singlet oxygen. J. Am. Chem. Soc.
123, 2530–2536.
23) Czarnik, A.W. (1994) Chemical communication in
water using ﬂuorescent chemosensors. Acc. Chem.
Res. 27, 302–308.
24) Daﬀy, L.M., de Silva, A.P., Gunaratne, H.Q.N.,
Huber, C., Lynch, P.L.M., Werner, T. et al. (1998)
Arenedicarboximide building blocks for ﬂuorescent
photoinduced electron transfer pH sensors appli-
cable with diﬀerent media and communication
wavelengths. Chem. Eur. J. 4, 1810–1815.
25) Izumi, S., Urano, Y., Hanaoka, K., Terai, T. and
Nagano, T. (2009) A simple and eﬀective strategy
to increase the sensitivity of ﬂuorescence probes in
living cells. J. Am. Chem. Soc. 131, 10189–10200.
26) Setsukinai, K., Urano, Y., Kakinuma, K., Majima,
H.J. and Nagano, T. (2003) Development of novel
ﬂuorescence probes that can reliably detect reac-
tive oxygen species and distinguish speciﬁc species.
J. Biol. Chem. 278, 3170–3175.
27) Komatsu, K., Kikuchi, K., Kojima, H., Urano, Y.
and Nagano, T. (2005) Selective zinc sensor
molecules with various aﬃnities for Zn2D, revealing
dynamics and regional distribution of synaptically
released Zn2D in hippocampal slices. J. Am. Chem.
Soc. 127, 10197–10204.
28) Kamiya, M., Kobayashi, H., Hama, Y., Koyama, Y.,
Nagano, T., Urano, Y. et al. (2007) An enzymati-
cally activated ﬂuorescence probe for targeted
tumor imaging. J. Am. Chem. Soc. 129, 3918–
3929.
29) Rehm, D. and Weller, A. (1970) Kinetics of
ﬂuorescence quenching by electron and H-atom
transfer. Isr. J. Chem. 8, 259–271.
30) Ueno, T., Urano, Y., Kojima, H. and Nagano, T.
(2006) Mechanism-based molecular design of
highly selective ﬂuorescence probes for nitrative
stress. J. Am. Chem. Soc. 128, 10640–10641.
31) Sunahara, H., Urano, Y., Kojima, H. and Nagano, T.
(2007) Design and synthesis of a library of
BODIPY-based environmental polarity sensors
utilizing photoinduced electron transfer-controlled
ﬂuorescence ON/OFF switching. J. Am. Chem.
Soc. 129, 5597–5604.
32) Sasaki, E., Kojima, H., Nishimatsu, H., Kikuchi, K.,
Hirata, Y., Nagano, T. et al. (2005) Highly
sensitive near-infrared ﬂuorescence probes for
nitric oxide and their application to isolated
organs. J. Am. Chem. Soc. 127, 3684–3685.
33) Koide, Y., Urano, Y., Kenmoku, S., Kojima, H. and
Nagano, T. (2007) Design and synthesis of ﬂuo-
rescent probes for selective detection of highly
reactive oxygen species in mitochondria of living
cells. J. Am. Chem. Soc. 129, 10324–10325.
34) Sun, Z.-N., Liu, F.-Q., Chen, Y., Tam, P.K.H. and
Yang, D. (2008) A highly speciﬁc BODIPY-based
ﬂuorescent probe for the detection of hypochlorous
acid. Org. Lett. 10, 2171–2174.
35) Shepherd, J., Hilderbrand, S.A., Waterman, P.,
Heinecke, J.W., Weissleder, R. and Libby, P.
(2007) A ﬂuorescent probe for the detection of
myeloperoxidase activity in atherosclerosis-associ-
ated macrophages. Chem. Biol. 14, 1221–1231.
36) Chen, S., Lu, J., Sun, C. and Ma, H. (2010) A highly
speciﬁc ferrocene-based ﬂuorescent probe for hypo-
chlorous acid and its application to cell imaging.
Bioimaging probes No. 8] 845Analyst 135, 577–582.
37) Kim, H.N., Lee, M.H., Kim, H.J., Kim, J.S. and
Yoon, J. (2008) A new trend in rhodamine-based
chemosensors: Application of spirolactam ring-
opening to sensing ions. Chem. Soc. Rev. 37,
1465–1472.
38) Kojima, H., Urano, Y., Kikuchi, K., Higuchi, T. and
Nagano, T. (1999) Fluorescent indicators for
imaging nitric oxide production. Angew. Chem.
Int. Ed. 38, 3209–3212.
39) Gabe, Y., Urano, Y., Kikuchi, K., Kojima, H. and
Nagano, T. (2004) Highly sensitive ﬂuorescence
probes for nitric oxide based on boron dipyrro-
methene chromophore—rational design of poten-
tially useful bioimaging ﬂuorescence probe. J. Am.
Chem. Soc. 126, 3357–3367.
40) Oushiki, D., Kojima, H., Terai, T., Arita, M.,
Hanaoka, K., Urano, Y. et al. (2010) Development
and application of a near-infrared ﬂuorescence
probe for oxidative stress based on diﬀerential
reactivity of linked cyanine dyes. J. Am. Chem.
Soc. 132, 2795–2801.
41) Umezawa, N., Tanaka, K., Urano, Y., Kikuchi, K.,
Higuchi, T. and Nagano, T. (1999) Novel ﬂuores-
cent probes for singlet oxygen. Angew. Chem. Int.
Ed. 38, 2899–2901.
42) Hirano, T., Kikuchi, K., Urano, Y., Higuchi, T. and
Nagano, T. (2000) Highly zinc-selective ﬂuores-
cent sensor molecules suitable for biological ap-
plications. J. Am. Chem. Soc. 122, 12399–12400.
43) Hirano, T., Kikuchi, K., Urano, Y. and Nagano, T.
(2002) Improvement and biological applications of
ﬂuorescent probes for zinc, ZnAFs. J. Am. Chem.
Soc. 124, 6555–6562.
44) Maruyama, S., Kikuchi, K., Hirano, T., Urano, Y.
and Nagano, T. (2002) A novel, cell-permeable,
ﬂuorescent probe for ratiometric imaging of zinc
ion. J. Am. Chem. Soc. 124, 10650–10651.
45) Kiyose, K., Kojima, H., Urano, Y. and Nagano, T.
(2006) Development of a ratiometric ﬂuorescent
zinc ion probe in near-infrared region, based on
tricarbocyanine chromophore. J. Am. Chem. Soc.
128, 6548–6549.
46) Hanaoka, K., Muramatsu, Y., Urano, Y., Terai, T.
and Nagano, T. (2010) Design and synthesis of
a highly sensitive oﬀ-on ﬂuorescent chemosensor
for zinc ion utilizing internal charge transfer.
Chem. Eur. J. 16, 568–572.
47) Kiyose, K., Aizawa, S., Sasaki, E., Kojima, H.,
Hanaoka, K., Nagano, T. et al. (2009) Molecular
design strategies for near-infrared ratiometric
ﬂuorescent probes based on unique spectral proper-
ties of aminocyanines. Chemistry 15, 9191–9200.
48) Urano, Y., Asanuma, D., Kamiya, M., Nagano, T.,
Choyke, P.L., Kobayashi, H. et al. (2009) Selective
molecular imaging of viable cancer cells with pH-
activatable ﬂuorescence probes. Nat. Med. 15,
104–109.
49) Yogo, T., Urano, Y., Sunahara, H., Inoue, T.,
Kikuchi, K. and Nagano, T. (2008) Selective
photoinactivation of protein function through
environment-sensitive switching of singlet oxygen
generation by photosensitizer. Proc. Natl. Acad.
Sci. USA 105,2 8 –32.
50) Mizukami, S., Nagano, T., Urano, Y., Odani, A. and
Kikuchi, K. (2002) A ﬂuorescent anion sensor that
works in neutral aqueous solution for bioanalytical
application. J. Am. Chem. Soc. 124, 3920–3925.
51) Terai, T., Kikuchi, K., Iwasawa, S., Hirata, Y.,
Urano, Y. and Nagano, T. (2006) Modulation of
luminescence intensity of lanthanide complexes by
photoinduced electron transfer and its application
to a long-lived protease probe. J. Am. Chem. Soc.
128, 6938–6946.
52) Komatsu, T., Urano, Y., Fujikawa, Y., Kobayashi,
T., Hanaoka, K., Nagano, T. et al. (2009) Develop-
ment of 2,6-carboxy-substituted boron dipyrro-
methene (BODIPY) as a novel scaﬀold of ratio-
metric ﬂuorescent probes for live cell imaging.
Chem. Commun. (Camb.) 45, 7015–7017.
53) Fujikawa, Y., Urano, Y., Komatsu, T., Terai, T.,
Inoue, H., Nagano, T. et al. (2008) Design and
synthesis of highly sensitive ﬂuorogenic substrates
for glutathione s-transferase (GST) and applica-
tion for activity imaging in living cells. J. Am.
Chem. Soc. 130, 14533–14543.
54) Komatsu, T., Kikuchi, K., Takakusa, H., Ueno, T.,
Urano, Y., Nagano, T. et al. (2006) Design and
synthesis of an enzyme activity-based labeling
molecule with ﬂuorescence spectral change. J.
Am. Chem. Soc. 128, 15946–15947.
55) Takakusa, H., Kikuchi, K., Urano, Y., Sakamoto, S.,
Yamaguchi, K. and Nagano, T. (2002) Design and
synthesis of an enzyme-cleavable sensor molecule
for phosphodiesterase activity based on ﬂuores-
cence resonance energy transfer. J. Am. Chem.
Soc. 124, 1653–1657.
56) Takakusa, H., Kikuchi, K., Urano, Y., Kojima, H.
and Nagano, T. (2003) A novel design method of
ratiometric ﬂuorescent probes based on ﬂuores-
cence resonance energy transfer switching by
spectral overlap integral. Chem. Eur. J. 9, 1479–
1485.
57) Kikuchi, K., Hashimoto, S., Mizukami, S. and
Nagano, T. (2009) Anion sensor-based ratiometric
peptide probe for protein Kinase activity. Org.
Lett. 11, 2732–2735.
58) Kojima, H., Hirata, Y., Kudo, Y., Kikuchi, K. and
Nagano, T. (2001) Visualization of oxygen con-
centration-dependent production of nitric oxide in
rat hippocampal slices during aglycemia. J. Neuro-
chem. 76, 1404–1410.
59) Doerr, A. (2009) Stopping intracellular leakage with
chemistry. Nat. Methods 6, 634.
60) Kobayashi, T., Urano, Y., Kamiya, M., Ueno, T.,
Kojima, H. and Nagano, T. (2007) Highly activat-
able and rapidly releasable caged ﬂuorescein
derivatives. J. Am. Chem. Soc. 129, 6696–6697.
(Received May 7, 2010; accepted July 22, 2010)
T. NAGANO [Vol. 86, 846Proﬁle
Dr. Nagano is a full professor at the Department of Chemistry and Biology,
Graduate School of Pharmaceutical Sciences, the University of Tokyo, and also Director
General of the Chemical Biology Research Initiative for drug discovery at the University
of Tokyo. He was elected Dean of the Graduate School of Pharmaceutical Sciences in
2010.
He graduated from the Faculty of Pharmaceutical Sciences, the University of
Tokyo, in 1972. After completing his Ph.D. with work on development of bio-active
heterocyclic compounds under the supervision of Professor Toshihiko Okamoto at the
University of Tokyo, he became an Assistant Professor at the same University. In 1983–
1985 he joined Professor Fridovich’s group as a research associate in the Department of
Biochemistry, Duke University Medical School, and worked on a novel detection method for reactive oxygen
species. After his studies at Duke University, he rejoined the University of Tokyo as an Associate Professor and
changed his research ﬁeld, moving from organic chemistry to chemical biology. Recently, his main research interests
are focused on the molecular design, synthesis and applications of novel bio-imaging probes for physiologically
active species, such as nitric oxide, Zn2D, reactive oxygen, and various enzymes including beta-galactosidase and
caspase. He has developed more than 50 ﬂuorescent bioimaging probes by means of rational molecular design
methods, employing the mechanisms of photoinduced electron transfer (a-PeT and d-PeT), Förster resonance
energy transfer (FRET) and spirocyclization. Fourteen of those probes are now commercially available and widely
used by biological researchers throughout the world. He was awarded the Uehara Prize in 2004, Shimadzu Prize in
2005, National Medal with Purple Ribbon in 2006 and the Pharmaceutical Society of Japan Award in 2006. He was
also President of the Pharmaceutical Society of Japan in 2008.
Bioimaging probes No. 8] 847